The early-life origins of health and disease
The environment encountered during fetal life and infancy appears to be strongly related to risk of non-communicable diseases in adult life (Barker, 2004) . In order to explain these apparently causal relationships it is proposed that adaptations during critical phases of growth and development may ensure the maintenance of homeostasis, and hence survival, when the environment is compromised (Gluckman & Hanson, 2004) . Variation in nutrient supply during early development appears to be a strong signal initiating these adaptive processes. The means through which events in early life trigger permanent responses have been described as nutritional or metabolic programming (Lucas, 1991) . These terms describe the process through which a stimulus or insult during a critical window of fetal or infant development elicits permanent responses that produce long-term changes in tissue structure or function. Programming is the consequence of the innate capacity of developing tissues to adapt to the conditions that prevail during early life, which for almost all cell types in all organs is an ability that is present for only a short period before the time of birth.
The epidemiological studies that first indicated that disease could be programmed by intrauterine influences formed the basis of what became known as the 'fetal origins of adult disease hypothesis', or the 'Barker hypothesis' (see Langley-Evans, 2004b ). This constantly evolving concept is now described as the developmental origins of health and disease hypothesis. The developmental origins of health and disease hypothesis was originally developed to explain associations between patterns of fetal and infant growth and major disease states in human populations, but has received strong support from experimental studies in animals. These studies will be the main focus of the present review.
Clues from epidemiology
The first clues that the environment encountered in early life could determine risk of disease in adulthood came from ecological studies evaluating the causes of the northsouth divide in disease patterns in England and Wales (Barker & Osmond, 1986) . These studies identified the period around the time of birth as playing a critical role in the development of CHD ). Studies of large retrospective cohorts in Hertfordshire (Barker et al. 1989; Hales et al. 1991) , Preston, Lancs. and Sheffield, South Yorkshire (Barker et al. 1993b ) that included men and women who had been born in the first third of the twentieth century have confirmed these observations. These studies have shown that anthropometry at birth is predictive of later disease. Low weight at birth is associated with increased risk of CHD mortality (Fall et al. 1995) , raised adult blood pressure (Law et al. 1991) , non-insulin-dependent diabetes ) and risk of the metabolic syndrome (Barker et al. 1993a) .
The birth weight-disease associations have been confirmed in a large number of independent cohorts all around the developed and developing world. Based on fairly limited evidence the association has been attributed to the impact of a poor plane of nutrition before and during pregnancy (see Fig. 1 ). This simplistic model has been updated to allow for observations that measurements such as thinness at birth, reduced abdominal circumference and a large head circumference in proportion to truncal length are also predictive of later disease (Godfrey, 1998) . The main basis of the Barker hypothesis is that undernutrition in pregnancy impairs fetal growth or promotes disproportionate fetal growth, and as a trade-off these adaptations that promote survival in adverse conditions lead to limited physiological function and disease in the long term.
The best evidence relating periods of undernutrition in pregnancy with health and disease in the resulting offspring comes from follow-ups of famines associated with military action in the Second World War. The best studied settings are the Leningrad siege (Stanner & Yudkin, 2001) and the Dutch Hunger Winter (Roseboom et al. 2001) .
These wartime famines subjected large populations to periods of severe undernutrition. However, children continued to be conceived and born under these harsh conditions. Follow-ups of these individuals, now in their sixth decade, provide important clues about the impact of prenatal stressors on human development and long-term health. In the case of the Dutch Hunger Winter it is clear that prenatal undernutrition had only a small impact on fetal growth, but in the long-term it programmed greater risk of CHD (Roseboom et al. 2000) , obesity (Ravelli et al. 1999) , renal dysfunction (Painter et al. 2005 ) and noninsulin-dependent diabetes . With this population it has been possible to distinguish the effects of famine during discrete periods of development, and it appears that exposure to undernutrition in the first trimester of pregnancy, which interestingly increased birth weight, is the strongest predictor of CHD and adult obesity.
The epidemiological evidence suggesting that CHD and the metabolic syndrome may be programmed by factors operating in utero has been criticised on a number of fronts (Kramer & Joseph, 1996; Huxley et al. 2002) . Issues with cohort selection, reproducibility of findings and problems with correction for confounders are an inevitable weakness of this sort of work, as the study of nutritional programming of diseases that afflict individuals in their middle age inevitably relies on historical data and retrospective cohorts. Some critical issues are difficult to dismiss. Huxley and co-workers (Huxley et al. 2002; Huxley & Neil, 2004) have demonstrated through meta-analyses that the effect size for associations between birth weight and vascular disease indicators actually decreases as cohort size increases, leading to the suggestion that the fetal origins hypothesis is a product of publication bias and measurement error. Moreover, the explanation that maternal nutritional factors underpin any association between impaired fetal growth and later disease risk is weak, as human fetal growth is remarkably resistant to variation The simplest form of the hypothesis is that undernutrition impairs fetal growth. The association between fetal growth and long-term disease outcomes is likely to be confounded by a direct association between undernutrition and disease.
in quantity and quality of nutrient intake, particularly within the normal range of intakes (Mathews et al. 1999; Langley-Evans & Langley-Evans, 2003) . Birth weight is a poor proxy for nutritional events during gestation. Any individual baby of lower weight at birth may have arrived at that particular weight via a number of routes, with restraint resulting from undernutrition being just one explanation (Law, 2002) . The developmental origins of health and disease hypothesis therefore requires demonstration of biological plausibility before any major conclusions can be drawn regarding its importance in terms of public health.
Biological plausibility
The ideal demonstration of the biological plausibility of nutritional programming requires cohorts of human subjects with high-quality data relating to nutrient intake in pregnancy, or cohorts such as those collected following the Dutch Hunger Winter from which the longer-term impact of deficit can be examined. However, whilst the Dutch famine data generally supports the developmental origins of health and disease hypothesis, there are potential problems with this data. First the level of food restriction during this famine may have been highly variable between women and difficult to evaluate. Moreover, wartime is by definition stressful and it is known that psychological stressors impact on fetal development (Stein, 2004 ).
There are very few studies that have been able to consider physiology or disease states in relation to maternal diet in pregnancy, but those studies that do exist are supportive of the developmental origins of health and disease hypothesis. Godfrey et al. (1994) have reported that the blood pressures of pre-pubescent Jamaican boys are inversely related to the triceps skinfold thicknesses and Hb status of their mothers pre-pregnancy. It has also been reported that the blood pressures of middle-aged men in Aberdeen are inversely related to maternal intake of animal protein, but only when carbohydrate intakes are high (Campbell et al. 1996) . Both these studies are suggestive of a role for nutritional programming at least in the determination of blood pressure. They do not, however, provide unequivocal support for the concept of nutritional programming in a wider disease context.
The use of appropriate animal models has been of greatest use in providing the critical data that supports the developmental origins of health and disease hypothesis and enables an understanding of the mechanisms that may link nutritional factors in early life to the functional capacity of organs and systems in the mature state. Animal models allow the examination of the specific effects of a simple dietary change, independently of the confounding factors that are inevitably associated with long-term epidemiological studies. Many different approaches to the study of nutritional programming have been adopted using a variety of species, including rat, mouse, guinea-pig, sheep and pigs (Langley-Evans, 2004a) . All these approaches have demonstrated beyond any doubt that variation in the quality or quantity of nutrient provision in pregnancy and/ or lactation have a major impact on tissue development and function and can promote both disease susceptibility and disease resistance. These effects are often independent of major changes in fetal growth.
Life-course perspectives on health and disease
The aetiology of non-communicable disease is invariably complex, and is now regarded as involving influences at all stages of the life-course, a concept best considered using the example of CHD. It is long-established that CHD is causally related to adult environmental and lifestyle factors, including a high-fat diet, poor dietary antioxidant status and smoking. These environmental factors are clearly not the only determinants of risk, as the individual genotype determines the impact of dietary risk factors. In other words, the adult risk of disease is related to a 'phenotype' that is defined by interaction between the genotype and the environment. This adult phenotype is, however, also shaped by nutrient-gene interactions in adolescence, in childhood, infancy and in fetal life (Langley-Evans, 2004b ). Thus, early-life programming is just one facet of the way in which adaptations to insults or stimuli at different life stages determine the adult physiology and metabolic profile and the responsiveness of the individual to metabolic or endocrine signals.
The interaction with prenatal and postnatal factors is well-illustrated by two examples in both man and animals. Eriksson et al. (2003a,b) have extensively reported on a unique cohort from Helsinki, Finland for which data is available detailing birth anthropometry, with follow-ups in childhood and adulthood. It is clear for this cohort that risk of type 2 diabetes is related to both prenatal and postnatal factors, with low birth weight having the greatest impact when coupled to catch-up growth in infancy and rapid weight gain in adolescence (Eriksson et al. 2003b) . In rats severe restriction of maternal food intake in pregnancy (feeding 30% ad libitum intake) produces growth-retarded offspring (Woodall et al. 1996) . When these offspring are fed a high-fat diet from weaning, massive central obesity and metabolic sequelae are noted (Vickers et al. 2000) . This outcome is a perfect example of the thrifty phenotype hypothesis originally proposed by Hales & Barker (2001; Fig. 2) and subsequently revisited in the predictive adaptive response hypothesis of Gluckman & Hanson (2004) .
Programming in fetal life: animal studies

Manipulations of diet in pregnancy
Many approaches have been taken to study nutritional programming in animals. A commonly-favoured approach is to limit the food intake of pregnant or lactating animals (global nutrient-restriction models), which is known to impair fetal and neonatal growth (Woodall et al. 1996) . More specific manipulations of the maternal diet include overfeeding of macronutrients (saturated fat, Khan et al. 2003; protein, Daenzer et al. 2002) , restriction of macronutrient intake and restriction of the intake of specific micronutrients (Fe; Gambling et al. 2003, Zn; Beach et al. 1982, Ca; Bergel & Belizan, 2002) . It is consistently noted in rats, mice and guinea-pigs that fetal exposure to any form of undernutrition produces elevated blood pressure (Langley-Evans, 2004a). Similar observations in large animal species such as the sheep suggest that programming of cardiovascular function occurs in all mammals (Gopalakrishnan et al. 2004) . Similar findings are noted when considering glucose intolerance and insulin resistance (Reusens et al. 2004) , and a common finding in studies of animals subject to intrauterine nutritional restriction is that central adiposity is increased (LangleyEvans et al. 2005) .
The largest programming effects of nutritional manipulations on the development of hypertension are observed when the maternal diet is modified to produce an imbalance in the nutrient supply. For example, the feeding of low-protein diets in rat pregnancy generates offspring that have a blood pressure that is 15-30 mmHg above that of control animals by the age of weaning (Langley-Evans et al. 1996d) . Similarly, low-Fe diets (Gambling et al. 2003) or high-saturated-fat diets (Khan et al. 2003) in rat pregnancy produce large effects on the blood pressure of the offspring. Where the diet is manipulated in such a way that the intakes of all nutrients are reduced in a balanced manner during pregnancy the impact on the blood pressure of the subsequent offspring is still observed, but tends to be of a lower magnitude (Woodall et al. 1996; Kind et al. 2002) . Despite the variation in the magnitude of the effects produced by different dietary protocols, there is a high extent of consistency in the type of physiological changes that stem from very different manipulations of the diet during pregnancy. This commonality of response suggests that there may be a relatively small number of common mechanisms that link the programming stimulus (maternal diet) to the associated disease outcomes.
Maternal low-protein diets
Experiments in the author's laboratory have focused on the feeding of a maternal low-protein (MLP) diet in rat pregnancy. This approach, using a very mild nutritional intervention, has now been extensively characterised and it is known that the offspring of rats fed MLP will undergo a late-gestation retardation of growth, which particularly affects the development of the truncal organs such as the lungs and kidneys (Langley-Evans et al. 1996a) . Although of low to normal birth weight, rats exposed to a MLP diet in fetal life develop raised blood pressure by 3-4 weeks of age and this relative hypertension persists into adult life (Langley-Evans et al. 1994; Langley-Evans & Jackson, 1995) . In the postnatal period these animals have an accelerated progression towards renal failure (Nwagwu et al. 2000) and their lifespan is shorter than that of rats exposed to a protein-replete diet in fetal life (Sayer et al. 2001) . Programming of lifespan may occur through an increased susceptibility to oxidative injury that has been noted in a number of tissues (Langley-Evans et al. 1997; Langley-Evans & Sculley, 2005) .
The offspring of rats fed the MLP diet also display behavioural differences that have the capacity to promote positive energy balance and hence obesity. When fed a low-fat standard laboratory chow diet MLP offspring are hypophagic yet still maintain a normal body weight. When allowed to self-select from a range of foods rich in either fat, protein or carbohydrate the MLP offspring increase food intake markedly and show a preference for high-fat foods (Bellinger et al. 2004) . As with other features of this model this behaviour differs between males and females, with females showing the greater fat preference. As has also been reported by Vickers et al. (2003) following global nutrient restriction, MLP-exposed offspring are less physically active and are prone to increased fat deposition with ageing. These effects are to some extent dependent on the timing of the protein restriction in utero.
Mechanisms of nutritional programming
Tissue remodelling
The simplest process through which developmental insults could exert permanent effects on physiology, metabolism and health is through alteration of tissue morphology. Changes to the numbers of cells or the type of cells present within a tissue could have profound effects on organ function. For example, within the kidney the principal functional unit is the nephron. The number of nephrons in man is determined before birth, whilst in rats nephrogenesis continues until postnatal day 10 ( Mackenzie et al. 1996) . Factors that limit nephron formation will impair renal function, raise local and systemic blood pressure and ultimately promote renal failure. In the MLP rat model of nutritional programming kidney size is largely unaffected by prenatal nutritional insult but nephron number is reduced by as much as 30% (Marchand & Langley-Evans, 2001 ). The decrease in functional units alongside normal tissue mass indicates that specialised cell types comprising the nephron have been replaced by non-specialised lineages.
This form of remodelling could occur as a result of disruption of cell proliferation or differentiation at key developmental stages. All tissues and organs are essentially (Hales & Barker, 2001; Gluckman & Hanson, 2004) . Exposure of the developing organism to a low plane of nutrition promotes metabolic thrift in order to ensure survival. In a postnatal environment in which nutrients are in short supply this metabolic thrift continues to be a survival trait, but if nutrients are present in excess the thrifty trait will promote the metabolic syndrome.
derived from small populations of embryonic progenitor cell lines. These cell lines proliferate in the embryonic and fetal periods and differentiate into specialised forms as organs mature. It is easy to envisage that a lack of nutrients or key signals during these developmental stages can have irreversible consequences. The consequences of tissue remodelling can be farreaching. Changing the numbers and types of cells present within a tissue will impact not only on specialised functions, such as in the case of the kidney, but will also change the profile of genes expressed within a tissue, will alter the cell-cell signalling pathways, modify hormone production and the capacity of cells to respond to hormone signals (for example, by changing expression of receptors such as the glucocorticoid receptor; Bertram et al. 2001 ). This impact is well illustrated by the endocrine pancreas in which, in the rat, development is sensitive to the level of protein in the diet. Low-protein diets result in a pancreas with reduced numbers of islets, which are smaller and less effectively vascularised than in control animals . This outcome has a major impact on insulin production and glucose homeostasis (Dahri et al. 1990 ).
Disruption of homeostasis will be most profound if prenatal undernutrition impacts on the hypothalamus, which is the interface between sensory inputs and the adjusting endocrine and neuronal outputs. There is evidence that the hypothalamus can be programmed at a gross tissue remodelling level. Exposure of rats to lowprotein diets in both the fetal and suckling period alters the volume of key hypothalamic centres and changes the neuronal density (Plagemann et al. 2000) . Accordingly, there are shifts in the profile of neuropeptides produced at these centres, which have been proposed to impact on feeding behaviour. Programming of homeostatic mechanisms in this way fits well with the life-course model of disease risk outlined earlier, as clearly this mechanism will influence the capacity of the individual to respond to the environment subsequent to the early developmental insult.
Materno-fetal endocrine exchange
The placenta is more than a conduit for the exchange of nutrients, gases and waste products between mother and fetus. Endocrine signals between placenta and fetus and between mother and placenta play a critical role in the regulation of fetal development and nutrient partitioning (Godfrey, 2002) . Some hormonal exchanges require tight regulation, however, in order to avoid inappropriate fetal responses.
Glucocorticoids are steroid hormones and therefore have the capacity to move freely across the placenta through simple diffusion. Glucocorticoids are powerful modulators of gene expression, and experimental studies have shown that they accelerate fetal organ maturation, a property exploited clinically where premature delivery is likely. In all species there is a massive gradient of glucocorticoid concentrations across the placenta, with maternal concentrations being 100-1000 times greater than those seen in the fetal circulation. This gradient is maintained, and the independence of the developing fetal hypothalamicpituitary-adrenal axis assured, by the presence of the enzyme 11b-hydroxysteroid dehydrogenase type 2 in the placenta . This gatekeeper enzyme is believed to be critical in protecting the fetal tissues from inappropriately high concentrations of the active corticosteroids.
A role for overexposure of the fetus to glucocorticoids of maternal origin has been proposed as a key step in nutritional programming. The administration of synthetic glucocorticoids that are poor substrates of 11b-hydroxysteroid dehydrogenase type 2 programmes hypertension and renal defects in animals Dodic et al. 2002) . Studies with the MLP rat model, however, show that down-regulation of 11b-hydroxysteroid dehydrogenase type 2 by undernutrition may be the common pathway through which a broad range of nutritional insults produce a narrow and similar range of programmed responses. The feeding of low-protein diets in rat pregnancy reduces both the activity and mRNA expression of placental 11b-hydroxysteroid dehydrogenase type 2 (Langley-Evans et al 1996c; Bertram et al. 2001) . Moreover, blockade of maternal glucocorticoid synthesis through pharmacological adrenalectomy prevents the programming of hypertension in the offspring of MLPfed rats, demonstrating the glucocorticoid-dependence of the nutritional effect (Langley-Evans et al. 1996b; Langley-Evans, 1997a; . 11b-hydroxysteroid dehydrogenase type 2 inhibition programmes high blood pressure in the offspring of protein-replete animals (Langley-Evans, 1997b).
Epigenetic mechanisms
One particularly favoured explanation for the association between nutritional variation in early life and long-term physiological functions lies with the epigenetic modification of gene expression (Razin, 1998) . Mechanisms such as DNA methylation or histone acetylation effectively silence gene expression, and recent animal studies have shown that the effects of nutrition can be quite selective, with variation in the provision of potential methyl donors in the diet during pregnancy impacting on the expression of transposable elements in the Agouti locus (Waterland & Jirtle, 2003) . Furthermore, the window of sensitivity for this epigenetic modification of gene expression appears to extend far beyond the embryonic period, which was originally proposed as the only time at which this form of gene silencing might be sensitive to the environment. Stress-induced behaviours of rat mothers during lactation have been shown to alter DNA methylation in their suckling young (Weaver et al. 2004) .
The overall level and pattern of DNA methylation in the developing embryo or fetus is governed by flux through the methionine-homocysteine pathway, suggesting that it is sensitive to nutritional factors such as the supply of amino acids, folic acid, vitamin B 12 and vitamin B 6 (Young et al. 2004) . The low-protein diet protocol established in the author's laboratory has been suggested to provide methionine at a higher concentration than that required by the pregnant animal (Rees, 2002) , which may disturb the balance of the methionine-homocysteine cycle and, therefore, produce programmed effects through changes in DNA methylation status (Petrie et al. 2002) . However, there is no strong evidence to support this assertion and it has recently been shown that maternal and fetal plasma homocysteine concentrations are not markedly altered by the low-protein feeding (Lilley & Langley-Evans, 2005) . This finding does not exclude the possibility of epigenetic change, as recently demonstrated by Lillycrop et al. (2005) .
Gene expression
There are now many reports of changes in gene expression following a prenatal or early postnatal nutritional insult. For example, it has been reported that expression of the angiotensin II AT 2 receptor is modified by feeding a low-protein diet in utero (McMullen et al. 2004) , and the processes that bring about this change and its downstream consequences for blood pressure control and renal function are being explored ). Furthermore, DNA microarray studies have shown that the expression of 102 genes in the hypothalamus and thirty-six genes in the kidney are modified by intrauterine protein restriction .
The fundamental problem with these findings is that it is almost impossible to assess whether the changes in gene expression are a cause of abnormal physiology and disease or whether they are a consequence. Furthermore, is it not clear whether the changes in gene expression are related to tissue remodelling, effects of glucocorticoids or even epigenetic silencing. In the case of the AT 2 receptor it is known that expression is controlled by glucocorticoids ) and levels of expression both determine the development of specialised structures within the kidney and are regulated by the presence of those specialised structures. The situation is extremely complex and detailed studies are required that consider factors such as the timing of nutritional insult and the ontological stage at which tissues are sampled for the expression studies.
Future directions
Epidemiological studies clearly show that early-life events determine risk of CHD, with robust associations between CHD mortality and birth anthropometry. Whilst animal studies have reproducibly demonstrated that blood pressure and vascular reactivity are subject to nutritional programming, these end points are relatively crude markers of CVD and in man only represent simple risk factors for CHD. One approach to the study of CHD programming in animals has been to study the response of the isolated heart to ischaemic-reperfusion injury, essentially modelling the impact of a myocardial infarction (Sutherland & Hearse, 2000) . Although at an early stage, the author's studies using the Langendorff isolated heart system indicate that exposure to a low-protein diet in utero, impairs the ability of the hearts of male rats to recover function following 30 min of ischaemia (Elmes et al. 2005) .
More convincing evidence of nutritional programming and the relevance of any identified mechanisms to human health could be generated if models could be developed in which atherosclerosis could be programmed by undernutrition in pregnancy. Wild-type rats, mice and hamsters are all relatively resistant to the development of atherosclerosis, which has in the past limited the scope of programming studies. However, there are now a variety of GM strains of mouse that are much more prone to the development of aortic atherosclerotic lesions. Many of these strains, e.g. the LDL receptor knock-out mouse (Fazio & Linton, 2001) , will develop lesions without the need for any nutritional stimulus, which limits their usefulness in studies that consider the interaction between prenatal programming influences and the postnatal diet. The generation of strains in which development of atherosclerosis is conditional on diet, such as the apo E*3 Leiden mouse that develops atherosclerotic lesions only in response to high-fat high-cholesterol feeding (Groot et al. 1996) provides a unique opportunity to improve models of nutritional programming of atherosclerosis.
As described earlier, nutritional remodelling of tissue morphology and the associated changes to specialised cell types and associated physiological function may be an important mediator of programming effects on disease susceptibility. Vulnerability to CVD may be programmed in utero through disturbance of normal vascular development. The vascular system develops at a very early stage in embryonic organogenesis. As exposure to low-protein diets for very short periods in early pregnancy has been shown to induce hypertension in the offspring (Kwong et al. 2000) , it is possible that the very early formation of vascular lineages is compromised by undernutrition. Transgenic mouse strains are available that allow this aspect to be easily explored and these strains may provide a productive approach for future research. An example is the Tie2 GFP mouse, which expresses green fluorescent protein in vascular endothelial cells (Motoike et al. 2000) .
Conclusion
Nutritional factors operating in early life exert strong effects on physiology and metabolism in adult life. Experimental studies that have the capacity to examine nutrient-gene interactions during this period of developmental plasticity are of fundamental importance in expanding the understanding of how human disease may be programmed in fetal life. It is likely that over the coming decade these studies will indicate that the importance of nutritional programming is greater than predicted from earlier epidemiological studies and identify novel therapies and preventive strategies that will be important in a public health context. made by all those who have worked in my laboratory over the last 10 years have been invaluable, as has been the support of all our collaborators. Special thanks go to Professor Alan Jackson for all his ideas, support and encouragement, which fuelled my development as an independent researcher. I am grateful to Professor Peter Buttery for his helpful input and encouragement, which has helped me to broaden the scope and strategic importance of my work.
